Abstract The delayed neutron counting system at the Royal Military College of Canada has been upgraded to accommodate concurrent delayed neutron and gamma measurements. This delayed neutron and gamma counting system uses a SLOWPOKE-2 reactor to irradiate fissile materials before their transfer to a counting arrangement consisting of six 3 He and one HPGe detector. The application of this system is demonstrated in an example where delayed neutron and gamma emissions are used in complement to examine 233 U content and determine fissile mass with an average relative error and accuracy of -2.2 and 1.5 %, respectively.
Introduction
Nuclear forensics relies on the use of analytical techniques to identify properties of illicit nuclear materials, which may include, their origin, intended use, production method, previous owners, and smuggling routes [1] . These measurements should be performed by validated analytical methods, with ISO or similar protocols, and in conjunction with the analysis of certified reference material [2] . Ideal nuclear forensic analysis methods would be accurate, rapid, and sensitive [3] . The conclusion of the 2014 Nuclear Security Summit saw both the international community and the Canadian government reiterate their commitment to the development of nuclear forensics methods and tools [4, 5] . Canada continues to evaluate its nuclear forensics capabilities through participation in exercises organized by the International Technical Working Group [6, 7] . The Royal Military College of Canada (RMCC) supports Canadian nuclear forensics efforts through the provision of analytical instrumentation for SNM assay. The nuclear laboratory at RMCC is licenced to handle SNM and has a SLOWPOKE-2 nuclear reactor for neutron interrogation. This site also has microgram quantities of 233 U, natural and depleted uranium, and 239 Pu certified reference materials for instrumentation calibration and validation.
The measurement of DN emissions from fissioned SNM has been identified as a valuable nuclear forensics tool as it is a non-destructive, rapid, and an accurate form of assay [3, [8] [9] [10] . The yield and temporal behaviour of DN emissions are dependent on the fissioned material [11] , and these have been used to characterize mixtures of U and Pu content [9, [12] [13] [14] . The Royal Military College of Canada designed a delayed neutron counting (DNC) system to support nuclear forensics capabilities available to the Canadian government [15] . Samples were irradiated, and then transferred to a 3 He detector arrangement, which recorded the resulting DN emissions and their temporal behaviour. This system was shown to be a non-destructive and rapid means of identifying and characterizing SNM [14] . Furthermore, it was used to examine DN emission simulation capabilities of the widely-used Monte Carlo code, MCNP6 [16] . Measurements by the DNC system were used to identify discrepancies in MCNP6 simulated DN yields at count times greater than 100 s [17] . These discrepancies were addressed in the newest version of MCNP6, MCNP6.1.1beta [18] .
As research efforts at RMCC have been expanded to include the non-destructive assay of fissionable content, an expansion of analytical capabilities was required. Delayed gamma (DG) emissions from fission products can be examined to further characterize unknown SNMs [19] [20] [21] . In addition, the neutron capture of 238 U yields a prominent 75 keV emission from 239 U decay [22] . DN emissions from 238 U were limited in the DNC system due to the highly thermalized reactor flux used for neutron interrogation. System detection capabilities have been expanded to accommodate concurrent DG and DN measurements from SNM. This paper describes these system upgrades, which have culminated in a replacement delayed neutron and gamma counting (DNGC) system capable of providing extensive SNM characterisation. MCNP6 simulations of the irradiation and counting processes were used to design and characterize the system, and confirm experimental measurements. System capabilities are demonstrated via the analyses of 233 U solutions.
Experimental & simulations
Sample preparation, irradiation and counting process Fissile samples were prepared from certified reference material (natural U CRM 4321C, NIST, Gaithersburg, MD, CRM 111-A, 99.4911 ± 0.0006 atom % 233 U, New Brunswick Laboratory, Argonne IL) and placed in 1.5 ml polyethylene vials (LA Packaging, Yorba Linda, CA). They were diluted with a 2 % nitric acid solution before double encapsulation in a 7.0 ml transport vial. Samples were placed in the system loader before being sent to a SLOWPOKE-2 irradiation site with a nominal thermal neutron flux of 2.6 9 10 11 cm
, from which they were transported to the counting arrangement, positioned within the reactor room. Transfer to and from the SLOWPOKE-2 is facilitated by pneumatic tubing running along the wall and underneath the reactor room flooring. There is a programmed 3 s delay between irradiation and the initiation of counting; during which sample has enough time to reach the counting arrangement. The low enriched uranium SLOWPOKE-2 reactor [23] at RMCC has nine irradiation sites, four inside the beryllium reflector, and five outside. Inner sites have a maximum thermal neutron flux of 10 12 cm
and SLOWPOKE-2 thermal to fast ratios, f F , haven been measured to range from of 4.0 ± 0.1 to 17.3 ± 0.5 [24] for inner and outer sites, respectively. Upon the elapse of count time, samples were sent to the storage site where they were retrieved for further experimentation, stored for future use, or disposed of.
System hardware control A custom LabVIEW TM program written at RMCC controlled the original DNC system hardware. Users were able to select irradiation, decay, and count times before a sample's transport became automated. The DNGC system upgrade featured several improvements to the LabVIEW TM capabilities and interface, Fig. 1 . Experimental parameters, which may be chosen by the user, were expanded to include irradiation, decay, count, and dwell times for both neutron and gamma detection. In addition, the capability to alter timings on valves that control the pneumatics of the system is now available; a useful option in the event of counter, irradiation site, or storage site relocation. The program also prompts the user to specify experimental parameters including reactor flux settings, applied detector voltages and any additional experimental notes, which are saved alongside measurements from selected detectors at the end of a run.
The counting arrangements
The DNC system had six 3 He detectors (RS-P4-1613-202, GE Energy) positioned 8.3 cm from the centre of the source location in the counter, embedded in paraffin. 3 He detectors are 36 cm high and 2.54 cm in radius. The sample was surrounded by a PE tube with a wall thickness of 0.45 cm and diameter of 2.6 cm. The DNGC system has the same 3 He detectors, which have been rearranged to accommodate a high purity germanium detector (GMX-1890, Ortec, TN, 18 % relative efficiency); the latter being a minimum of 9.0 cm from the source's centre, its distance can be increased if desired. Half a centimetre of lead shields the 3 He detectors from the sample's gamma radiation, Fig. 2 . The 3 He detectors are surrounded by paraffin and were moved from a previous distance of 8.3 ± 0.2 to 9.0 ± 0.1 cm from the axial centre of the sample. 3 He detectors are connected in parallel to a preamplifier (OR-TEC 142, Oak Ridge, TN), voltage supply (ORTEC 556), amplifier (ORTEC 575A) and a multichannel analyzer (ORTEC 919E). The HPGe detector is connected to a DSPEC plus (ORTEC) which is a AC-powered, standalone unit. The original DNGC system is currently in the reactor room, 3 m from the edge of the SLOWPOKE-2 pool.
Efficiency and waveform property determinations
The neutron detection efficiency and waveform properties of the DNGC system were determined after the 60 s irradiation and 10 s decay of 49 mg of nat. U prepared from CRM. Background contributions of empty polyethylene vials were subtracted and dead time corrections applied before the determination of cumulative counts recorded for 50 s. Relative detector efficiencies for each 3 He detector were examined by counting weak, uncalibrated, 252 Cf samples for 5-minute intervals. Each neutron measurement was repeated in the absence of a source to determine appropriate background subtractions. The relative energydependent intrinsic detection efficiency of the HPGe detector was determined with the use of a multi-nuclide radioactive decay standard source (source 1423-99-21, Eckert & Ziegler, Valencia, CA) containing 13 isotopes with energies ranging from 47 keV to 1.8 MeV, placed on the exterior of the detector's endcap.
MCNP6 simulations
The newest public release of the Monte Carlo code, MCNP6.1 [16] , has been used to simulate the behaviour of both the DNC and DNGC systems. The irradiation process was also simulated with MCNP using a SLOWPOKE-2 reactor model provided by Atomic Energy of Canada Limited [25] . It was modified to include additional beryllium shims added at RMCC and the placement of vials full of water in the irradiation sites positions. A detailed 69-group neutron energy distribution was determined by MCNP6 simulations and found to agree with thermal, epithermal, and fast flux measurements of the DNGC irradiation site [17] . Ratios of DN and DG emissions from varying SNMs were simulated by recreating the SLOWPOKE-2 flux distribution for 60 s within a vial containing 2 mg of 233 U, 235 U and 239 Pu. Surface (F1) tallies were used to record the delayed neutrons and gammas released after the irradiation process with time and energy bins corresponding to HPGe measurements. Neutrons with energy distributions corresponding to DN emissions were created for neutron detection efficiency comparisons. DNGC geometries were measured during their assembly and were reproduced in MCNP. Pulse height (F8) tallies placed inside each 3 He and the HPGe detector recorded the reaction products, and their energy depositions within a detector's active zone. Detailed descriptions of these MCNP6 simulations can be found in references [17] and [26] .
Results & discussion

Improvements to neutron detection
The system upgrade provided an opportunity to address noted experimental deficiencies in the original DNC system, namely a significant photon background contribution and the resulting pulse pile up at low energies [17] . 0.5 cm of lead lining was installed to limit the contributions of samples' photon emissions to 3 He recordings, Fig. 2 . Figure 3 depicts the energy depositions in the 3 He tubes in each system after the 60 s irradiation, 3 s decay, and 60 s counting of a sample containing 3.5 lg of 235 U (natural U certified reference material was used). The total counts have been normalized in the 0.2-0.9 MeV region for comparison purposes. The system upgrade resulted in an 84 % decrease in relative photon amounts, from 0-0.2 MeV (Fig. 3) . Gamma contributions are removed from DN analysis by eliminating counts less than 0.2 MeV in the data processing.
Previous work examined the time-dependent neutron background resulting from irradiation of empty vials in the DNC system [27] . Analysis found this contribution was equivalent to 50 ng of 235 U contaminant on each vial, which was acquired while in the SLOWPOKE-2 irradiation site. An outer irradiation site was chosen for DNGC system use, as there was no such contamination. In addition, the significantly higher thermal to fast flux ratio in the outer site limits 238 U DN interferences in the assay of natural, depleted, and enriched uranium samples. Empty vials were irradiated for 60 s, allowed to decay for 3 s and neutron counts recorded for 180 s (n = 8). The neutron count rate in the detectors was found to be 7.8 ± 0.8 s -1 (95 % confidence), it is independent of both count time and the presence of an irradiated vial in the counting arrangement.
Characterization of the delayed neutron and gamma counting system MCNP simulations of an outer site's irradiation flux found a f F ratio of 18.1, within the 95 % confidence interval of SLOWPOKE-2 reactor measurements [17] . MCNP6 simulations of DN emissions produced by a natural U solution after a 60 s irradiation, 10 s decay, and 50 s count were compared to measurements of 3. , the full array of 3 He detectors may not be used as dead times will approach 30 %, the prescribed cut off for measurements [28] . It is therefore important to understand their individual contributions to the total count rate. MCNP6 simulations predicted a higher relative efficiency for the 3 He tubes adjacent to the HPGe (labelled 1 and 6 in Fig. 2 ), due their increased distance from adjacent 3 He tubes, this was confirmed experimentally Fig.4. 1 Measured uncertainties include intrinsic efficiency detector uncertainties and counting statistics. Figure 5 depicts the measured efficiencies of the HPGe detector after a 10 min count of the aforementioned multinuclide source decay placed on the endcap of the detector, the associated MCNP simulations, and their relative ratios. MCNP6 over-predicted measured detection efficiencies by 142 ± 9 % with no observed energy dependence over the range examined. It is believed that dead layer growth in this aging detector, accompanied by a decrease in active detector area [29] , and geometric assumptions in simulations has contributed to differences in efficiencies, as has He energy deposition comparisons in DNC and DNGC systems been observed in other work [30, 31] . MCNP6 simulations with increased dead layer growth did not account for the systematic overprediction, which remained consistent when additional geometries, including that shown in Fig. 2 , were simulated.
Processing of the DNGC system data A Matlab TM algorithm has been developed to assay DG data. It imports the energy and time spectra from the data collection file and determines decay and count times. In addition to spectra of fission products, background spectra of empty vials irradiated and counted under the same experimental conditions are saved. The user specifies the count intervals to be examined and the algorithm will search through the saved spectra to find the appropriate background to subtract. Peaks in a low signal to noise ratio area are resolved by the optional application of a SavitzkyGolay filter [32] to the spectra. Count rates are used to determine and correct for the dead time effects and overflow error for each interval, and background contributions are subtracted. Final count spectra are normalized by the measured energy-dependent detection efficiency and the compton edge is subtracted, to allow a direct comparison of gamma line intensities. Figure 6 shows the 10 min cumulative, unprocessed, count of a nat. U solution irradiated for 60 s. Gamma line growth with respect to time and energy for the post-processed data is demonstrated in Fig. 7 , plot color is used to depict cumulative counts. Pu calibration materials is undesirable due to their expense and handling limitations. However, the combined use of DN and DG signatures can afford SNM assignment and quantitation using only natural uranium calibration. The presence of delayed neutron emissions is indicative of fissile content, and DG emissions from fission products can be used to further characterize samples.
238
U presence in a sample will lead to the capture of neutrons and the production of gamma rays with energies of 75 keV from 239 U, Fig. 6 U was confirmed through an examination of the relative gamma line ratios, the cumulative delayed neutron counts were compared to that of a nat. U standard to determine the total 233 U content. Table 2 shows the expected and experimental mass determinations of 8 solutions; 
Conclusions & future work
This paper describes the DNGC system at the Royal Military College of Canada and its characterization. The system is improved by changes in hardware and software, by increased specificity of neutron detection and by the concurrent detection of neutrons and gammas. DG line emission ratios of 89 
Rb and 138
Cs were used to confirm the presence of 233 U in aqueous solutions, and excluded assignment to other SNMs. DN cumulative counts were then used to quantify 233 U content with average relative errors and accuracies of -2.2 and 1.5 %, respectively. Planned future work includes the examination of fissile content in a variety of synthetic and environmental matrices. The capability of MCNP6 to simulate additional fission product DG emissions from SNM will also be compared to measurements obtained from the DNGC system. 
